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Audible

AUDIO DISTORTION

ISAGREEMENT  between  the
D average non-technical lis-
tener and the engineer regarding
the excellence of reproduced sound
has become almost traditional. The
listener’s judgment is based upon
whether or not he finds the repro-
duction faithful, or at least pleas-
ing. The engineer, on the other
hand, tends to have preconceived
ideas based upon various technical
characteristics, which may or may
not be the factors governing the
listener’s preference.

Laboratory instruments and tech-
niques represent a means and not
an end. It is necessary occasionally
to reconsider the results obtained
through laboratory measurements,
to decide whether or not they are
indicative of the actual important
performance characteristics of the
equipment under test. This is par-
ticularly true in cases involving
human judgment and psychologi-
cal or physiological factors.

Quest for Perfect Reproduction

The characteristics of systems
for the electrical reproduction of
sound ean be measured in physical
terms to a high degree of precision,
and such reproducing systems can
be designed to perform with any
given degree of excellence. A close
approach to perfection will be
found in certain types of transmit-
ting and recording equipment,
which is necessarily expensive.
However, in the design of most
audio-frequency equipment, and.
in particular, radio receivers,
phonographs, and sound picture
projectors of the types manufac-
tured in large quantities for home
use, economic considerations must
frequently take precedence over ar-
tistic ideals. In such a design
perfection is not expected, and the
problem is to provide the best pos-
sible results, as judged by the lis-
tener, within predetermined price
limits.

Perfect reproduction of sound is
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the will-o’-the-wisp that has been
chased through half a century by
the phonograph, radio, and motion
picture industries. Thirty years
aro Edison attempted to demon-
strate that there was no noticeable
difference between the reproduction
of his phonograph and the voice of
the living artist. Radio advertise-
ments through the years have ac-
claimed the tinny squeaks or muffled
rumblings which were in vogue at
the moment as absolute perfection.
Actually, early phonographs and
radios were so far from perfection
that each successive change seemed
like a tremendous improvement.
Engineers and scientists, however,
have never overlooked the short-
comings of what currently passed
for perfect tone, and have antici-
pated the day when the reproduced
sound would be indistinguishable
from the original. Today this is a
technical possibility, limited only
by practical and economic factors.

Practical Considerations

In planning for the post-war
period the matter of distortion in
sound-reproducing systems should
be reviewed carefully, to take best
advantage of the existing state of
the art and provide the public with
the best possible tone quality per
dollar expended. A hint as to some
of the past difficulties and disagree-
ments lies in the word quality. Our
laboratory measurements so far are
quantitative only. What the listener
hears is qualitative, and the rela-
tionship between the two is ex-
tremely complex and little under-
stood. About all we can rely upon
is the fact that, if the commonly
recognized types of distortion are
reduced below certain measurable
levels, the ear will be satisfied with
the result. This procedure can be
followed in the design of high-

priced studio and transmitting
equipment, but in the case of Sound-
reproducing systems for the home
it is not vet commercially practi-
cal and may never be, because of
price competition.

Distortion is of Three Types

It is unfortunate that no single
measurement will define the excel-
lence of sound reproduction. Audio
distortion is generally classified
into three types—namely, frequency
discrimination, harmonic (also
called amplitude or non-linear)
distortion, and phase distortion. In
the past the most advantageous bal-
ance among these three character-
istiecs has not been maintained.
This is the reason for the almost
traditional disagreement among
engineers, sales departments, and
customers.

Frequency  discrimination is
easily measured with even a rela-
tively simple oscillator. It met early
acceptance in engineering circles as

. a criterion of quality. Actually it

is only one of several important
characteristics. The terms har-
monic distortion and amplitude dis-
tortion are misleading and do not
convey an impression of the real
seriousness of this type of distor-
tion. Phase distortion is important
mainly in long transmission lines
and other circuits where time delay
occurs. The amount present in the
usual home amplifier and loud-
speaker system is considerably less
important than the other types of
distortion, but cannot, of course,
be neglected entirely if these others
are reduced.

Wide Frequency Response is Not
Enough

These are the three types of dis-
tortion which the engineer con-
siders and attempts to correlate.
How do his measurements corre-
spond with the judgment of the
average listener, unprejudiced by

From a paper presented at the National
Electronies Conference, Chicago, 1944,



Wide frequency response alone is not enough for perfect reproduction of sound. Genera-
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tion of intermodulation frequencies must be suppressed in order to secure favorable

listener reaction. A double-beat oscillator for intermodulation measurements is deseribed

technical knowledge? The poor pub-
lic acceptance of many so-called
high-fidelity systems proves that,
even when it is really attained,
wide frequency response alone is
not the answer. In fact, wide fre-
quency response may be a disad-
vantage if noise or other forms of
distortion are present. Consider-
able research is needed on the cor-
relation between the various forms
of distortion. The only informa-
tion available i3 incomplete and
often contradictory. In the mean-
time the engineer can attempt to
base his measurements and conclu-
sions on factors at least logically
related to the average listener’s
reactions.

The alterations in music caused
by variations from a flat frequency
response or by moderate phase
shifts in the reproducing equip-
ment are not fundamentally differ-
ent in character from wvariations
which may exist under actual lis-
tening conditions with no electrical
reproduction interposed. For in-
stance, an orchestra will sound dif-
ferent when playing in different
halls, and still differently again
when playing outdoors. The acous-
tic conditions under which the lis-
tener hears the music will cause

wide variations from what a micro-
phone placed near the orchestra
might pick up. When one hears
music outdoors, or through a door-
way, or from the back seat in a
top baleony, it does not sound dis-
torted in the popular sense of the
term, and yet the effective trans-
mission of different frequencies be-
tween the orchestra and one’s ear
may vary tremendously in both
amplitude and phase. The ear will
accept a large amount of this varia-
tion without considering the music
as unnatural, even though many of
the high or low frequencies may be
missing entirely. This is probably
one reason why the public has been
able to tolerate radio receivers
with poor frequency-response char-
acteristics.

Intermodulation Products

What the average listener de-
fines as tone is mainly governed by
the frequency-response character-
istic. A radio has a high tone, a
mellow tone, or a deep tone, de-
pending upon the frequeney range
and the balance between high and
low frequencies. The non-technical
person does not consider these vari-
ations in tone as distortion.

Electrical or mechanieal repro-

ducing systems, however, subject
the music to another form of dis-
tortion which is unnatural because
it is never encountered under con-
ditions where the music is heard
without reproduction or reinforce-
ment. This is the poorly named
amplitude or harmonic distortion.
It is not the actual deviation from
the original amplitude relationships
which in itself is objectionable.
Neither is it in most cases the in-
crease in harmonics which were
present in the original music at
appreciable amplitudes. Associated
with this form of distortion is the
generation of many intermodula-
tion products of an amplitude equal
to or higher than the generated
harmonics and bearing no harmonic
or musical relationship to the com-
ponents of the original sound. The
importance of this form of distor-
tion has been generally overlooked
because of diffeulties of exact
measurement and interpretation.
Actually this form of distortion is
probably the most annoying of all
types and warrants considerable
further investigation.

It has long been noted that cor-
relation between harmonic meas-
urements and actual listening tests
is inconsistent. The production of
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FIG. 1—Principle ol operation of double-beat oscillator. At output switch position I the output fre-
quency is [, =nd iz variable, At II, both f, and f, appear at the output, end are so related that f, —
f,=FKorl, — f, =K. AtlIL {, and {, are the output {requeacies, with {, variable and {, equal to K



intermodulation products is not
necessarily proportional to the pro-
duction of harmonics excepting un-
der certain carefully defined condi-
tions. Hence the conventional
methods of measuring harmonic
distortion with a harmonie analyzer
or distortion meter, which meas-
ures the amount of harmonics added
to a gingle input frequency, is safe
only when these harmonics can be
kept to a very low level, of the or-
der of a few tenths of a percent.
In the design of sound-reproducing
systems for the home this is never
feasible, and limits of 10 or 20 per-
cent are frequently met in practice.
Furthermore, on systems of limited
frequency range, high-frequency
distortion may be audible and an-
noying, although the actual har-
monics may be above the cut-off
frequency, This type of distortion
has more than nullified the ad-
vantages of many a good frequency-
response characieristic,

Distortion in Power Output Stages

The procedure for raling har-
monic distortion has been greatly
oversimplified. For instance, when
circuits were simpler, class A tri-
odes were the general rule for
power output stages. Such tubes
produced relatively little distortion
until actually overloaded, and the
power output was conveniently
rated at the level where 5 percent
distortion occurred. Furthermore,
such tubes had a low plate imped-
ance, which tended to reduce the

effects of a changing load imped-
ance such as a loudspeaker.

In the quest for higher power
efficiency, various successive stages
of development have included the
pentode, the class B amplifier, and
the beam tube. Some of these tend
to produce appreciable distortion,
even at levels well below the maxi-
mum power output. Also, some
have a high plate impedance, which
exaggerates the effects of changing
load impedance, thus accentuating
the distortion caused by output
transformers, shunting capacitance,
and the normal changes in loud-
speaker impedance, Many of these
disadvantages can be overcome by
the use of inverse feedback at the
expense of gain and simplicity.

Many designers have seriously
wondered whether these more elab-
orate output circuits offer any ap-
preciable advantage, economic or
otherwise, over the simpler triode
systems, TUnder commonly en-
countered operating conditions am-
plifiers with identical distortion
ralings may sound entirely dif-
ferent with degrees of actual
audible distortion ranging from
practically unnoticeable to practi-
cally unbearable.

There are many reasons for this.
It is desirable, so far as possible,
that the amplifier be operated be-
low its overload point. Under these
condifions the actual distortion
produced bears little relation to
the distorlion at some particular
degree of overloading. In class B
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FIG. 2—Frequency-response and intermodulation curves on wide-range ampli-
fier having rough high-frequency reproduction

svstems, as an extreme, the distor-
tion increases rapidly at low levels.
Furthermore, in many systems
push-pull and feedback circuits are
used, which cause the distortion to
vary with frequency. Push-pull
amplifiers, for example, are often
unbalanced at the extreme ends of
the audio-frequency range.

Some Overloading May be Tolerable

Unfortunately, in equipment
designed for home sound reproduc-
tion economic considerations limit
the power-handling ability of the
output stage and the efficiency of
the loudspeaker. Consequently the
systems are often operated just be-
low the overload point, so that
overloading occurs on volume peaks
in the music. With good design an
amplifier will overload gracefully.
The result will be a certain un-
natural brightness in the reprodue-
tion which may, however, be tol-
erable for short periods of time,
particularly when heard at a high
acoustic level, where the ear itself
is distorting. The same degree of
overloading in a poorly designed
amplifier provides a muddy and
coarse quality which is infinitely
worse to the ear. Harmonic meas-
urements made with single tones
give little clue to this difference.

Many writers have pointed out
that the intermodulation products
and not the harmonics are respon-
sible for the annoying quality when
a sound-reproducing system is over-
loaded. Musical tones contain har-
monics at various percentages,
sometimes stronger than the fun-
damental. Adding a small per-
centage to these harmoniecs does not
in itgelf produce a serious change
in tone quality. When two differ-
ent tones are passed simultaneously
through a distorting amplifier the
intermodulation results in sum and
difference frequencies which are
not harmonically related to the
original tones. Some writers have
intimated that these components
are so low in amplitude as to be
negligible, but it is easily demon-
strated that this is not the case.
We have all heard the soprano =olo
with flute obbligato marred by the
growling of difference frequencies
and the symphony orchestra which
produces only a confused jumble of
sound. Frayne and Scoville' showed



in a simple mathematical analysis
that it is quite possible for such
components to be several times the
amplitude of the harmonies. They
calculated an average ratio of the
order of 3.5, which, however, does
not hold for conditions more compli-
cated than those which they were
considering,

How Intermodulation Occurs

The intermodulation products
consist not only of the first-order
sum and difference frequencies
fi+fs and f,—f, (where f. and f.
are the two fundamentals) but also
the second-order terms 2f,+f,,
2f,—fw fit+2f, fi—2fs, and higher-
order beats. None of these are har-
monically related to the original
components in the signal except by
accident, hence the harsh discord-
ance characteristic of certain types
of so-called harmonic distortion.
When the large number of tones
involved in the reproduction of a
symphony orchestra is considered
and it is realized that every tone
will intermodulate with every other
tone, causing a series of sum and
difference frequencies, there is lit-
tle reason to wonder what causes
the blurred effect characteristic of
some amplifiers and loud speakers.
These effects are what the average
listener means by the word dis-
tortion.

Previous Intermodulation Research

In certain branches of audio-fre-
quency engineering the presence of
intermodulation has produced such
serious results as to necessitate
more investigation than usual.
Frayne and Scoville' deseribed an
intermodulation test for use in con-
nection with variable-density film
recording. Hilliard®, working in the
same field, pointed out the advan-
tages of a similar technique for
measuring the performance of am-
plifiers, radio transmitters, and
other systems. He observed that, of
two systems having the same total
harmonic distortion as measured
by conventional means, the one with
the greater amount of intermodu-
lation provided reproduction which
was definitely more objectionable,
and he recommended a means of
measuring the intermodulation by
applying to the amplifier simul-
taneously a low and a high audio
frequency. In Hilliard’s system the

higher audio frequency is treated
as a modulated carrier and its mod-
ulation by the lower frequency
measured in much the same way as
the modulation of a broadcast sta-
tion. While the amount of equip-
ment required for such measure-
ments is not negligible, Hilliard re-
ported, “by comparison other meth-
ods are inadequate and inconven-
ient, as well as more laborious.”
Hilliard considered that the inter-
modulation had to be less than 2
percent to be unnoticeable to the
ear.

In discussing the Hilliard paper,
B. F. Meissner® pointed out that he
had used the two-sine-wave method
of test in his development work on
electronic musical instruments,
analyzing the output with a Gen-
eral Radio wave analyzer, and con-
sidered this “the ideal distortion-
measuring system, since it meas-
ures directly what the ear itself
hears as the objectionable element
in sound reproduction.” Lewis and
Hunt', in connection with their in-
vestigation of tracing distortion in
phonograph recording, recognized
the importance of the intermodula-
tion components. Their analysis
includes re-recording, which is
customarily used in the production
of vertically cut records in order
to minimize tracing distortion,
which on this type of record
consists mostly of even harmon-
ics and first-order intermodulation
products.

At a somewhat earlier date Har-
ries’ in England used intermodula-

tion measurements to demonstrate
the advantages of the so-called
Harries valve over the then-current
pentodes. Earlier references will
be found in European publications,
particularly German.*™** Of these
Janovsky®, as early as 1929, per-
formed certain experiments to de-
termine which of the various inter-
modulation products were most
noticeable.

Conventional Distortion Measurements

Analyzers and distortion meters
have been developed to a point
where harmonic digstortion can be
measured to 0.1 percent. There are
also numerous oscillators available
which provide a sufficiently pure
signal for these tests. However,
intermodulation measurements
have not been widely adopted, pre-
sumably because of the equipment
required, the complexity of the
measurements, and the large num-
ber of components to be measured
and evaluated.

There are many applications
where harmonic or distortion-
meter measurements alone are in-
adequate. Home-type sound-re-
producing equipment generally op-
erates at distortion levels such that
serious intermodulation may be
present, and this intermodulation
does not have, excepting under a
specific set of conditions, a fixed
relation to the harmonies. A sharp
high-frequency cut-off character-
istic will render harmonic meas-
urements useless in the upper
octave of the frequency range, yet
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FIG. 3—Frequency-response and intermodulation curves en wide-range ampli-
fier having clean high-frequency reproduction



intermodulation is frequently at its
worst in this range, High noise
levels, hum, ete., also encountered
in low-priced equipment, affect dis-
tortion-meter measurements.

Double-Beat Oscillator

A development program had heen
planned covering complete methods
for intermodulation measurements,
with the hope of investigating also
the relation of such measurements
to distortion as judged by the aver-
age listener, Like many other pro-
grams, this has had to wait for the
war, but one instrument has been
developed which has proven un-
usually satisfactory in such appli-
cations. This is the fundamental
instrument needed for convenient
and accurate intermodulation meas-
urements—namely, the source for
produeing two tones free from har-
monics and intermodulation. The
new instrument is called the dou-
ble-beat oscillator and is shown
diagrammatically in Fig. 1. Where
a standard beat oscillator includes
two high-frequency oscillators, this
has three. The outputs may be
heterodyned in wvarious combina-
tions so as to provide (I) a single
variable output frequency, (II)
two variable output frequencies
having a constant sum or a con-
stant difference, or (III) two
independently variable output fre-
quencies. The instrument also in-
cludes mixing controls for adjust-
ing the relative amplitudes of the
two output frequencies, as well as
usual output cirenits for varying
the total output over wide ranges.

Uses for Double-Beat Oscillaters

Such an oscillator may be used
in many ways. It will do anything
a standard beat oscillator will do,
and in addition will provide two
simultaneous output frequencies,
either one of which may be varied,
to allow any sort of intermodulation
measurement. Since it ecan be set
so that the two output frequencies,
while varied, maintain a fixed sum
or difference, the measurement of
first-order intermodulation prod-
ucts is greatly simplified and facili-
tated. In faect, it becomes as easy
as running a response curve, since
the analyzer tuning may remain
fixed, or a simple fixed tuned indi-
cator may be used. This is a tre-
mendous advantage when large
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numbers of laboratory measure-
ments must be made or for produc-
tion or routine maintenance check-
ing. The double-beat oscillator is
less expensive than two beat-fre-
quency oscillators and muech sim-
pler to use heeause of the constant
sum or difference feature and the
mixer circuits.

Measuring Procedure

Figures 2, 3, 4, and 5 show sam-
ples of results obtained with the
double-beat oscillator in measuring
the difference frequency generated
ir various types of amplifiers and
sound-reproducing systems. The
curves were taken as follows:
Above 200 cycles a constant differ-
ence frequency of 100 cycles was
used, the amplitude of the differ-
ence frequency being plotted in
terms of the higher of the two in-
put frequencies. Since the double-
beat oscillator provides two output
frequencies with a fixed difference,
the analyzer was left tuned and the
portion of the curve above 200 cy-
cles obtained by merely varying the
main oscillator control. Below 400
cycles the same procedure was used,
but with a fixed difference fre-
queney of 500 eyvcles, thz curve be-
ing plotted in terms of the lower
of the two input frequencies. If
the characteristics of the reproduec-
ing system are fairly flat betweer
100 and 500 cycles the curves will
overlap almost exactly in this re-
gion, thus forming, in effect, a con-
tinuous curve.

The main justification for this

procedure is purely practical and
arbitrary. It is a simple means of
obtaining a continuous curve show-
ing first-order intermodulation as a
funetion of the controlling fre-
quency (which is generally the
lower of the two frequencies in the
low-frequenecy region and the
higher of the two frequencies in the

high-frequency  region). Such
curves on amplifiers producing

strong first-order intermodulation
check far better with audible esti-
mates than any other simple distor-
tion curves that we have found to
date. Janovsky considered the dif-
ference tone as the most serious
component in this annoying tvpe of
distortion,

A similar curve can be obtained
without shifting the difference fre-
quency, but two peaks will appear
when the fundamentals equal that
frequeney. This is no disadvantage
for routine and production testing.
gince the difference frequency may
be chosen so that it lies in a part of
the range where distortion is ordi-
navily small—for instanece, around
400 or 500 eycles.

Analysis of Sample Results

Figure 2 shows an amplifier char-
acterized by a good frequency-re-
sponse characteristie, but a rough
and annoying quality in the high-
frequency reproduction. The rise
in the difference tone at high fre-
quencies shows the reason. Judged
by its frequency-response curve,
this is an extremely fine amplifier.
On actual listening tests it per-
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formed very poorly. The intermod-
ulation characteristic shows at least
one very good reason.

Figure 3 shows an amplifier with
inferior frequency response to Fig.
2. If only the frequency-response
curves were available, one might
conclude that the cleaner reproduc-
tion of the amplifier shown in Fig.
3 was a result of greater attenua-
tion of high frequencies, Actually,
over the important region up to
10,000 eycles the difference between
the two amplifiers in this respect
would never be noticeable, and the
amplifier of Fig. 3 is characterized
by unusually clean, crisp, full-range
reproduction. The intermodulation
curve shows one reason for this,
Although ordinary frequency-re-
sponse and distortion measure-
ments indicate that the amplifier
of Fig. 2 is better than that of Fig.
3, listening tests definitely indicate
the opposite,

Figure 4 shows another case in-
volving an amplifier with rather
poor frequency characteristics, alzo
characterized by harsh reproduc-
tion which many designers have
attempted to avoid by reducing the
high-frequency response. This par-
ticular amplifier has bad intermod-
ulation at both the low- and high-
frequency ends. Also, in the high-
frequency region there is one point
where the intermodulation cancels
out exactly, which indicates the
risk in making intermodulation
measurements at only a few fre-
quencies.

Figure 5 shows the actual voltage
across the voice coil in a loud
speaker - amplifier combination.
When operated into its rated load
impedance the amplifier is satisfac-
tory, providing less than 2 percent
intermodulation. Because of the
high output impedance of the ampli-
fier and the variation in the loud
speaker impedance with frequency,
the intermodulation curve shows
sharp rises at the low- and high-
frequeney regions. While either the
amplifier or the loud speakar, when
checked alone by conventional meth-
ods, seems satisfactory, the com-
bination of the two is definitely not,

Second-Order Products

The foregoing curves show only
first-order intermodulation, which
may not always be the controlling
factor. It is realized that under
certain conditions, and particularly
in highly balanced circuits, the first-
order intermodulation products will
tend to cancel and the second-order
intermodulation products become
the important factors in the audi-
ble distortion. It is, of course, pos-
sible to build an oscillator having
an output such that one or more of
the second-order intermodulation
products can be kept constant, but
this has not seemed warranted so
far,

As a practical matter, many push-
pull amplifiers do not seem to be as
well balanced as might be assumed,
particularly at the extremes of the
frequency range, so that the first-
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FIG. 5—Frequency-response and intermodulation curves showing effects on
cmplifier lcaded by loudspeaker and whistle filter

order intermodulation products ave
as strong as or stronger than the
higher-order produets. (The am-
plifier shown in Fig. 4 is push-pull.)
Harries® reported that on symmetri-
cal overloading the first-order inter-
modulation products rose to a max-
imum as the overloading increased
and then fell off as the second-
order intermodulation preducts
rose. His observations were on sin-
vle output tubes having an S-shaped
amplitude characteristic, but also
seem to apply to many actual push-
pull amplifiers, Under these condi-
tions the distortion is generally
serious befare the first-order inter-
modulation has reached its maxi-
mum.

Conclusions

We have used this double-beat
gscillator only on a few special ap-
plications, but it has proved so sat-
isfactory and convenient that we
feel that there may be a real de-
mand for such instruments in the
field. Tt is mentioned not as a cure-
all, but as a further step in the de-
sign of audio-frequency measuring
equipment in an effort to obtain re-
sults which correlate better with
listening tests.

The writer will be very glad to
receive comments and suggestions
from other engineers who have used
fwo-frequency measurements, or
who have devised equipment for
making such measurements.
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